Most bands in this study are characterized by a strong J dependence of the band f values and display anomalous P-, Q-, and R-branch intensity patterns. Predissociation line widths, which are reported for 11 bands, also exhibit strong J dependences. The f value and line width patterns can inform current efforts to develop comprehensive spectroscopic models that incorporate rotational effects and predissociation mechanisms, and they are critical for the construction of realistic atmospheric radiative-transfer models.
Oscillator strengths and line widths of dipole-allowed transitions in 14 N 2 between 89.7 and 93.5 nm
I. INTRODUCTION
Photoexcitation and electron impact excitation of molecular nitrogen in the extreme ultraviolet spectral region ͑EUV͒ ͑Ͻ100 nm͒ initiate critical dissociation and ionization processes in the Earth's upper atmosphere and in other nitrogen-rich planetary atmospheres. EUV and vacuum ultraviolet N 2 airglow emissions are observed in the terrestrial atmosphere, [1] [2] [3] as well as in the atmospheres of Titan [4] [5] [6] and Triton. 7 The interpretation of atmospheric and interstellar 8 observations and the modeling of upper atmospheric processes 9,10 require a detailed understanding of the EUV photoabsorption spectrum of 14 N 2 and its isotopic variants. EUV transmission models through N 2 -rich atmospheres 11 and airglow radiative-transfer models require a comprehensive and complete database of line positions, line oscillator strengths, and line widths. We report here line oscillator strengths in 20 bands of 14 N 2 in the 89.7-93.5 nm ͑111480-106950 cm −1 ͒ region and predissociation line widths in 11 bands. This work is a continuation of our measurement program to survey, at high resolution, the electricdipole-allowed photoabsorption spectrum of N 2 from its onset at 99.5 nm to the first ionization limit at 79.6 nm; it extends to shorter wavelengths, and the results are presented in the study of Stark et al. 12 for the 93.5-99.5 nm region. The bands studied include transitions between the ground state X͑0͒ and the vibronic upper states b͑9-14͒, bЈ͑5-11͒, c 4 Ј͑2,3͒, c 3 ͑2,3͒, and o 3 ͑1-3͒.
The electric-dipole-allowed absorption spectrum of N 2 shortward of 100 nm arises from transitions to the strongly perturbed vibrational progressions of three Rydberg and two valence states. 13 16 reproduced the anomalous absorption strength patterns observed within the vibrational progressions by treating the homogeneous Rydberg-Rydberg and Rydberg-valence interactions among the five electronic states. Observed vibronic term values and rotational constants [17] [18] [19] and relative dipole strengths determined from electron energy-loss spectra 20 were used to optimize a set of electronic transition moments derived from electronically coupled diabatic potential curves. Spelsberg and Meyer 21 refined the analysis of Stahel et al. 16 by combining ab initio potential curves with electronic couplings dependent on the internuclear distance R.
Lewis et al. 22 developed a quantitative model for the b, c 3 , and o 3 1 ⌸ u states that clarifies the predissociation mechanisms affecting the photoabsorption spectrum. Their coupled-channel Schrödinger equation ͑CSE͒ model of the b, c 3 , and o 3 interactions with the C and CЈ 3 ⌸ u states, optimized using the experimental database of isotope-dependent line positions and line widths, reproduces the low-rotation line broadenings observed in the 14 informed the development of the CSE predissociation models of Lewis and co-workers.
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The strong Rydberg-Rydberg, Rydberg-valence, and valence-valence interactions among the singlet and triplet states of N 2 produce striking rotation-dependent effects on line strengths and widths. In the spectral region studied in this report, Carroll and Collins 15 first identified a number of anomalous line strength patterns in the b͑͒ − X͑0͒ bands, Walter et al. 49 reported departures from normal rovibrational intensity patterns in photofragment signals following laser excitation of the c 4 Ј͑3͒, c 3 ͑3͒, and bЈ͑10͒ levels, and rotationdependent lifetimes were reported for the c 4 Ј͑2͒ level. 41 Ajello et al. 50 derived J-dependent predissociation yields in the c 4 Ј͑3͒ level from emission intensities following electronimpact excitation. Vieitez et al. 51 recently analyzed the unusual rotational patterns in the line strengths and predissociation line widths of the o 3 ͑1͒ − X͑0͒ and b͑9͒ − X͑0͒ bands seen in laser-based ionization spectroscopy and synchrotronbased photoabsorption spectra. Throughout the 89.7 to 93.5 nm region, heterogeneous interactions are responsible for many of the rotation-dependent effects. Edwards et al., 52 Ubachs et al., 41 and Walter et al. 49 extended the treatment of Stahel et al. 16 by including the effects of rotation to interpret the observed J dependences of emission intensities, lifetimes, and predissociation yields.
Rotation-dependent effects are widely spread throughout the near-threshold region of N 2 . Of the 20 bands presented in this report, all but two show nonstandard line intensity and/or line width patterns. The J dependences of the line oscillator strengths and predissociation line widths have been extrapolated to JЈ = 0, allowing for direct comparisons with CSE molecular models 16, 21, 22 that do not account for rotational effects. Polynomial fits to the J-dependent patterns, presented in Table I , can inform more comprehensive models ͑e.g., Haverd et al. 23 ͒ that incorporate rotational effects. Our measurements also provide a further experimental foundation for the development of models that include higher-lying levels in the 1,3 ⌸ u manifold along with heterogeneous interactions with higher-lying 1 ⌺ u + and 3 ⌺ u + levels.
II. EXPERIMENTAL PROCEDURE
A detailed description of the experimental procedure is presented in Ref. 12 . A brief summary follows.
Photoabsorption measurements were undertaken at the 2.5 GeV storage ring of the Photon Factory, a synchrotron radiation facility at the High Energy Accelerator Research Organization in Tsukuba, Japan. A 6.65 m spectrometer with a focal plane scanner 53, 54 provided high spectral resolution. A zero-dispersion order sorter reduced the bandpass of the continuum radiation entering the spectrometer to about 3 nm. A 1200 grooves mm −1 grating, blazed at 550 nm, was used in the sixth order to give a reciprocal dispersion of ϳ0.02 nm mm −1 ; spectrometer entrance and exit slits of ϳ10 m resulted in an instrumental resolution of about 6 ϫ 10 −4 nm ͑0.7 cm −1 ͒ FWHM. The spectrometer tank, at a temperature of 295 K, served as an absorption cell with a path length of ϳ12.5 m; the exact value depends on the grating position and was calculated for each absorption band. Absorption spectra were recorded at tank pressures ranging from 8.4ϫ 10 −6 to 1.2ϫ 10 −4 torr, corresponding to N 2 column densities ranging from 2.7ϫ 10 14 to 4.4ϫ 10 15 cm −2 . The spectrometer tank pressure was monitored with an ionization gauge. The gauge was calibrated by volumetric expansion of N 2 ; a small volume, representing a measured fraction of the spectrometer tank volume and filled to pressures that could be measured with a capacitance manometer, was expanded into the main tank. N 2 was used in natural isotopic abundance ͑ 14 N 2 99.3%, 14 N 15 N 0.7%͒. The bands were scanned at speeds ranging from 0.0025 to 0.006 nm min −1 ; signal integration times of ϳ1 s then resulted in one data point for each 4.4ϫ 10 −5 to 1.06 ϫ 10 −4 nm interval of the spectrum. Most bands were scanned in two or three overlapping portions, typically of 0.1 nm width. Signal rates from the detector, a windowless solar-blind photomultiplier tube with a CsI-coated photocathode, were ϳ50 000 s −1 for the background continuum; the detector dark count rate was less than 2 s −1 . Typically, a signal-to-noise ratio of ϳ250 was achieved for the background continuum level.
III. ANALYSES
Absorption spectra were first converted to measured absorption cross sections through application of the BeerLambert law
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where exp ͑͒, the experimental absorption cross section, includes the effects of the finite instrument resolution; N is the column density of N 2 molecules; I 0 ͑͒ is the background continuum level; and I͑͒ is the transmitted intensity. A correction for scattered light in the spectrometer, known to be less than 3% of I 0 ͑͒, 54 was not applied to the data. A representative experimental absorption cross section spectrum is shown in Fig. 1 .
For each unblended line within a band, a least-squares fitting routine that accounts for the effects of the finite instru- FWHM͒, the Lorentzian component of each rotational line profile was determined from the least-squares fit. For most other bands, published values from laser-based measurements 38, 41, [43] [44] [45] 48 were used to fix the Lorentzian component in the fitting routine. Predissociation line widths in four bands, terminating on the bЈ͑8͒, bЈ͑10͒, o 3 ͑3͒, and bЈ͑11͒ levels, were too narrow to be determined by our fitting procedure and there are no available laser-based measurements; for these bands the Lorentzian component was Uncertainties ͑in parentheses; 1 standard error͒ are in units of the last-quoted decimal place. The measured oscillator strengths are reported in terms of a "rotationless" band f value f͑JЈ =0͒ and a polynomial in x = JЈ͑JЈ +1͒ that represents the rotational dependence of band f values f͑JЈ͒ derived from line f values. The parameters ⌫͑JЈ =0͒ and ⌫͑JЈ͒ are used to report the Lorentzian components ͑FWHM͒ of the measured line widths. ⌫ lit refers to data taken from the literature ͑Refs. 38, 41, 43-45, 48, and 65͒. FWHM and a Lorentzian width of 0.23 cm −1 FWHM, were determined by least-squares fits to the unblended lines of bands that show minimal broadening. The instrument function was adjusted locally, by marginal amounts, from fits to known narrow lines in the local spectral regions of each scan. From the distribution of fitting results, we estimate that the Gaussian and Lorentzian components of the adopted instrument Voigt profile have uncertainties of about Ϯ0.05 cm −1 . The integrated cross sections of individual rotational lines, determined from the fitting procedure, were converted into line oscillator strengths according to 55 f
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where ͑͒ and are measured in units of 10 −16 cm 2 and nm, respectively, and ␣ J Љ is the fractional population of N 2 molecules in the JЉ rotational level as determined from a normalized Boltzmann factor based on N 2 ground-state term values, 56 and taking into account the 2:1 statistical weights of even-and odd-numbered levels due to nuclear spin. Uncertainties in the N 2 column densities, the adopted instrument profile of the spectrometer, and the parameters extracted from the least-squares fitting routine all contribute to the estimated uncertainties in individual line f values and widths. Column density uncertainties are estimated to range from about 5% for the highest-pressure scans to about 10% for the lowest-pressure scans. The uncertainties in the adopted instrument profile, discussed above, produce f-value uncertainties that range from 5% to 10% and produce line width uncertainties that are roughly equivalent to the instrument profile uncertainty ͑ϳ0.05 cm −1 ͒. For narrow features, the uncertainties in the literature values of the line widths produce very small uncertainties in our measured f values, typically less than 1%. The total uncertainties in individual line f values from all sources, including statistical uncertainties of the fitting parameters ͑typically Ͻ10%͒, are estimated to range from 10% to 30% ͑1 standard error͒. For any one line in a given band, the f values derived from separate absorption scans were generally found to scatter within narrower limits. Line width uncertainties for the five bands with measurably broadened features vary quite widely, depending on the quality of the data and the relative widths of the lines. For a small subset of the bands measured in this study, the rotational line f values follow the simple patterns associated with unperturbed transitions. In particular, for unperturbed 1 ⌺ − 1 ⌺ and 1 ⌸ − 1 ⌺ transitions, the band oscillator strength f is related to rotational line oscillator strengths f J Ј ,J Љ by
where the S J Ј ,J Љ are Hönl-London factors. For unperturbed bands, the band f values derived from the application of Eqs. ͑3͒ and ͑4͒ to measured line f values are independent of the rotational quantum number J and can be directly compared with theoretical results that neglect all rotational interactions. Most bands in this study display anomalous P-, Q-, and R-branch intensity patterns and are characterized by a marked J dependence of band f values derived from Eqs. ͑3͒ and ͑4͒. The detailed f-value patterns associated with specific bands are presented in Sec. IV. For transitions from the ground state of N 2 , it is the upper-state wave function that is responsible for all departures from the standard line strength formulas. Accordingly, the band f values derived from Eqs. ͑3͒ and ͑4͒ are considered as functions of JЈ. To facilitate comparisons with calculated band strengths, we represent the derived band f͑JЈ͒ values as simple polynomials in JЈ͑JЈ +1͒ that are to be used for extrapolation to JЈ =0. We refer to the band f values extrapolated to JЈ = 0 as "rotationless" band f values. The J dependences of measured line widths are treated in the same manner. When particularly relevant to the analysis of a band, the f values and/or predissociation line widths of blended pairs or groups of lines were determined by the least-squares fitting procedure. In these cases, the ratios of line f values of the blended features were fixed using either Hönl-London factors and Boltzmann factors or by interpolation of f values within a branch, and line widths of the blended features were tied to a common value. For some blended and/or weak features it was not possible to determine simultaneously the f value and the line width. In these cases, the line f value was fixed by measured f values in other branches at the same J value or by an interpolation of f values within a branch, and the line width was determined by the fitting procedure, or, alternatively, the line width was fixed and the line f value allowed to vary in the fitting procedure. 
IV. RESULTS AND DISCUSSION
A summary of our measurements and analyses is presented in Table I ; all electric-dipole-allowed N 2 transitions between 89.7 and 93.5 nm are included. For completeness, the table includes the corresponding data for the b͑9͒ − X͑0͒ and o 3 ͑1͒ − X͑0͒ bands, for which a detailed analysis is presented in Vieitez et al. 51 A detailed listing of measured f values and widths for individual rotational lines can be accessed through Ref. 57 . Table II compares the rotationless band f values of the second column with band f values derived from electron energy-loss measurements, 20, 32 electronimpact studies of emission-excitation cross sections, 33, 34 and calculations based on sets of electronically coupled diabatic potential curves. 16, 21 Except for the present work and the calculated f values in the last two columns, all other data in the table are strictly valid only for a room-temperature distribution of rotational populations.
There is reasonable agreement between our rotationless band f values and the normalized f values of Geiger and Schröder 20 for bands above ϳ91.2 nm, but far less agreement at shorter wavelengths. For a number of bands, the f values of Geiger and Schröder 20 are a factor of 4 or more smaller than our rotationless band f values, a trend that is not explained by the J dependence of the line strengths ͑see Table I͒ . The difficulties of extracting the strengths of closely spaced bands in the relatively low-resolution ͑ϳ80 cm The f values reported by Chan et al. 32 from electronenergy-loss spectra are, with one or two exceptions, consistently higher than our results. The sum of their reported band f values throughout the 89.7-93.5 nm region is 35% higher than the corresponding sum of rotationless band f values reported in this paper. The low resolution of the electron scattering spectra ͑ϳ400 cm −1 FWHM͒ may explain some of the individual discrepancies; extraction of f values requires the deconvolution of highly blended features in the energyloss spectrum ͑see Fig. 5 of Ref. 32͒. However, the systematic discrepancy between the two sets of results cannot be explained by the low resolution of the electron-energy-loss spectra. Chan et al. 32 note correctly that their f values for resolved features are insensitive to the instrumental resolution, as opposed to the case for photoabsorption measurements. Nevertheless, the present results have been corrected for instrumental effects and are inherently absolute. The results of Chan et al., 32 in contrast to the other experimental results used for comparison here, 20, 33, 34 do not rely on a calibration against an optical oscillator strength, but are subject to an energy-dependent Bethe-Born apparatus calibration factor and overall Thomas-Reiche-Kuhn sum-rule normalization. 32 At present, the reason for the 35% discrepancy, which lies somewhat outside the combined uncertainties, is unclear.
There is very poor agreement between the present f values and the rescaled f values of Ajello et al. 33 and James et al., 34 which were obtained from electron-impact-induced emission spectra. These latter results, are, on average, a factor of ϳ2 larger than the present values, with differences of around an order of magnitude in either direction for particular bands.
The calculations of Stahel et al. 16 and of Spelsberg and Meyer, 21 neither of which accounts for rotational interactions, can be directly compared with our rotationless band f values. The f values derived from the ab initio calculations of Spelsberg and Meyer, 21 shown in the last column of Table  II , are, on average, ϳ20% higher than the present measurements in the case of the 1 ⌺ u + − X͑0͒ transitions and ϳ40% higher in the case of the 1 ⌸ u − X͑0͒ transitions. However, there is excellent agreement between the two data sets for the relative vibrational dependences of the f values. Since we have renormalized the results of Stahel et al. 16 using a more recent and accurate optical oscillator strength 12 ͑see Table II͒ , their f values are in better systematic agreement with the present measurements than are those of Spelsberg and Meyer, 21 but there are significantly more individual inconsistencies. Furthermore, since the model of Stahel et al. 16 was optimized by fitting their calculated coupled-channel intensities to the relative electron-energy-loss spectra of Geiger and Schröder, 20 whose intensities represent measurements over room-temperature rotational populations and show some strong deviations from our results, departures of the results of Stahel et al. 16 from our measured rotationless f values can be expected.
Overall, the excellent agreement between the apparently chaotic vibrational dependences of the present f values and those implied by the ab initio calculations of Spelsberg and Meyer 21 is very encouraging, both with respect to the reliability of the present results and correctness of the coupledstate interference effects in the calculations of Spelsberg and Meyer. 21 It is to be hoped that the present results, especially the detailed rotational dependences, will aid in the further development of the semiempirical CSE models for N 2 .
22,23
The following paragraphs provide a band-by-band summary and a discussion of our observations in the 89.7-93.5 nm region.
bЈ͑5͒ − X͑0͒. Band f values derived from the two branches of this sharp band converge to a common rotationless f value and were fit separately to linear functions of JЈ͑JЈ +1͒. The P / R ratios of the line f values deviate somewhat from predictions based on Hönl-London factors, though not dramatically. The sum of line f values for P and R transitions from a common JЉ level is JЉ independent. o 3 ͑1͒ − X͑0͒, b͑9͒ − X͑0͒. Absorption spectra of the o 3 1 ⌸ u ͑1͒ϳb 1 ⌸ u ͑9͒ Rydberg-valence complex are characterized by perturbed rotational structures and significant quantum-interference effects in oscillator-strength patterns and predissociation line widths. A detailed analysis of the o 3 ͑1͒ − X͑0͒ and b͑9͒ − X͑0͒ bands, based on a two-level perturbation model, is presented by Vieitez et al. 51 That analysis was derived from a combination of laser-based ionization spectroscopy of 14 51 Band f values derived from line f values are branch independent in both bands. A strong two-level quantum-interference effect is observed in the f-value patterns. Transition strengths to the higher-energy levels peak near JЈ = 6 and transition strengths to the lower-energy levels follow a complementary pattern, with transitions to JЈ = 6 being too weak to be observed. Measured predissociation line widths in the absorption spectra range from 0.1 to 0.4 cm −1 FWHM. Line width patterns, as revealed by the combination of laser-based and synchrotron data, exhibit a somewhat weaker interference pattern than seen in the f-value data, suggesting an additional interaction with a third, repulsive state. FWHM. There is some evidence for more significant broadening, up to ϳ1.0 cm −1 FWHM, in the R͑19͒, R͑20͒, and Q͑19͒ lines, but the weakness of the features precludes definitive width measurements. A photographic plate of roomtemperature absorption through a high column density of N 2 , recorded on the 6.65 m vacuum spectrometer at the HarvardSmithsonian Center for Astrophysics with a helium continuum light source, 58 qualitatively confirms the broadening pattern seen in our spectra and indicates that the broadening diminishes by Q͑21͒. Carroll and Collins 15 report an anomalous increase in the intensity of lines with J Ϸ 18; this may be a reflection of the line broadening observed in our spectra. c 4 Ј͑2͒ − X͑0͒. The rotationless band f value was determined from a quadratic fit of measured low-J P-branch f values to JЈ͑JЈ +1͒. f values derived from the R branch, for which only higher-J lines were measured, were fit separately to a quadratic function of JЈ͑JЈ +1͒ with the rotationless f value held fixed. While quadratic fits to JЈ͑JЈ +1͒ are re-quired to describe the f values in both branches, no extreme departures from standard line strength patterns are observed over the range of J values measured. Yoshino et al. 59 and Ubachs et al. 41 discuss the spectroscopy of c 4 Ј͑2͒ and identify strong homogeneous interactions with nearby vibrational levels of the bЈ state, predominantly bЈ͑7͒ and bЈ͑6͒, as well as mixing with the c 3 ͑2͒ level. Ubachs et al. 41 account for radiative lifetime variations in the band via Rydberg-valence mixing in the 1 ⌺ u + manifold. c 3 ͑2͒ − X͑0͒. f values for 60 lines in this band were determined over a range of JЈ values from 1 to 26. The band f values derived from the Q-branch lines, which show a mild JЈ dependence, were first fit to a quadratic function of JЈ͑JЈ +1͒ to yield the rotationless band f value. The corresponding R-branch and P-branch data were then fit to polynomial functions of JЈ͑JЈ +1͒ with the JЈ = 0 intercept held fixed at the rotationless band f value. The P / R ratios of the line f values deviate somewhat from predictions based on Hönl-London factors, with P-branch lines being about 20% to 30% stronger than the corresponding R-branch lines. The line f values for P and R transitions from a common JЉ level sum to the f value for the corresponding Q line. Sprengers and Ubachs 48 report lifetime measurements of the c 3 ͑2͒ level that correspond to predissociation line widths of ϳ0.1 cm . This weak band is overlapped by the stronger b͑11͒ − X͑0͒ band, but a number of lines in each branch could be measured. A striking feature of the band is the rapidly decreasing strength of the P-branch lines with increasing rotational quantum number; the highest-J line observed was P͑11͒. Conversely, the R-branch lines begin to increase in strength when JЈ Ͼ 12. At low J values, the band f values derived from lines within the P and R branches converge to a common rotationless value of 0.000 51͑5͒. Predissociation line widths for all but the highest-J lines were too narrow to be extracted from the data; no previous line width or lifetime measurements are available. Line broadening was observed in the highest-J lines of the R branch, growing to ϳ0.5 cm −1 FWHM for the R͑18͒ line. The large difference between the R-and P-branch band f values observed for the bЈ͑7͒ − X͑0͒ transition is a classical example of the interferenceinduced R / P intensity anomalies that may occur in transitions to mixed ⌺ ϳ ⌸ levels. 60 In the present case, the nominal bЈ 1 ⌺ u + ͑ =7͒ level gains significant 1 ⌸ u character from a heterogeneous perturbation by the c 3 ͑2͒ level, leading to a strong R / P intensity anomaly, 61 due to interference between the corresponding parallel ͑ ʈ ͒ and perpendicular ͑ Ќ ͒ vibronic transition moments.
b͑11͒ − X͑0͒. Line strengths and widths of 52 lines of this band were measured. As in the b͑10͒ − X͑0͒ band, band f values derived from line f values in the three branches follow a common, linearly decreasing function of JЈ͑JЈ +1͒. The branch-independent intensity pattern simplifies the analysis of blended lines, which are included in our line f-value compilation. All lines are noticeably broadened; a J-independent and branch-independent predissociation line width of ϳ0.35 cm −1 FWHM is found, in excellent agreement with the laser-based measurements of Ubachs et al. 38 There is significant spectral overlap between rotational features in the b͑11͒ − X͑0͒ band and the bright N II feature at 91.6 nm ͑2p 33 p 0 → 2p 23 P sextuplet͒ observed in the Earth's airglow; 62, 63 the line strengths and profiles in b͑11͒ − X͑0͒
will influence the loss of airglow photons through reabsorption by N 2 . bЈ͑8͒ − X͑0͒. This band is overlapped with the stronger o 3 ͑2͒ − X͑0͒ band; 31 rotational lines, including a number of blended features, were analyzed. Band f values derived from P-and R-branch line f values follow a common, linearly decreasing function of JЈ͑JЈ +1͒. There is no noticeable broadening in photographic plates of the band, and our fitted predissociation line widths, while too narrow to be determined definitively, are consistently Ͻ0.1 cm −1 FWHM. o 3 ͑2͒ − X͑0͒. 57 lines in this strong band, including a substantial number of blended features, were analyzed for strengths and widths. Band f values derived from line f values in the three branches follow a common, linearly increasing function of JЈ͑JЈ +1͒ up to JЈ Ϸ 21. The Q branch could be followed up to J = 24. Line strengths in the three highest-J lines depart significantly from the simple pattern; they are approximately 50% lower than predicted by the linear function of JЈ͑JЈ +1͒. Predissociation line widths associated with e-parity and f-parity levels 60 remain constant, at ϳ0.25 cm FWHM, up to JЈ = 12. Beyond this point the line-width pattern is strikingly anomalous, reaching a peak value of ϳ2 cm −1 FWHM at JЈ = 18 after two lesser peaks at JЈ =14 and JЈ = 16, as seen in Fig. 2 . These line-width perturbations, which occur in both the e-and f-parity levels, suggest that o 3 ͑2͒ is crossed by a predissociative triplet level having ⌳ ജ 1. An extrapolation of recent results at lower transition energies 26, 64 suggests that the perturber is the = 18 level of the C 3 ⌸ u state, which is itself predissociated by the CЈ 3 ⌸ u valence continuum. b͑12͒ − X͑0͒. Band f values derived from line f values in the three branches follow a common, quadratically decreasing function of JЈ͑JЈ +1͒ up to JЈ Ϸ 19. Only one line with JЈ Ͼ 19 was observed and measured, the Q͑24͒ line, which is found within the band structure of o 3 ͑2͒ − X͑0͒ and has a much larger f value than predicted by the pattern at lower values of J. This deviation likely reflects the avoided crossing between the b͑12͒ and o 3 ͑2͒ levels described by Yoshino et al. 19 and complements the loss in intensity seen in the high-J lines of the o 3 ͑2͒ Q branch. Predissociation line widths, which were reported to be 0.05 cm −1 FWHM by Hanneman et al., 45 were too narrow to be analyzed in our data.
bЈ͑9͒ − X͑0͒. All lines in the P and R branches of this sharp band up to JЈ ϳ 23 were measured and analyzed. Ratios of band f values derived from the two branches are consistent with Hönl-London factors, and the derived band f value displays a weak dependence on rotational quantum number. Predissociation line widths, which were reported to be Ͻ0.03 cm −1 FWHM by Ubachs et al., 38 were too narrow to be analyzed in our data. were too narrow to be measured with our apparatus.
Band f values derived from 18 lines in the Q branch of this weak band are independent of J, and were used to establish the rotationless band f value of 1.0ϫ 10 −3 . Line strengths in the P and R branches display extreme departures from nominal ⌸ − ⌺ patterns, as demonstrated in Fig. 3 . Band f values derived from P-branch line strengths increase dramatically with JЈ, from a minimum value of 1 ϫ 10 −3 for low-J lines to a maximum of 6 ϫ 10 −3 near JЈ = 14. A steep decrease in band f values is observed in the highest-J measured P-branch lines. R-branch band f values decrease abruptly from the common rotationless value and the branch cannot be followed in our spectra beyond JЈ =4. Line widths in all three branches are consistently broadened, with an average, J-independent value of ϳ0.35 cm −1 FWHM. The calculated c 3 ͑3͒ − aЉ͑0͒ line strengths of Walter et al. 49 show a similar overall pattern to our c 3 ͑3͒ − X͑0͒ observations, with the branch-averaged line strength peaking near JЈ = 14: the pattern is attributed to J-dependent intensity borrowing from the bЈ͑10͒ − X͑0͒ transition. Walter et al. 49 also note a significant difference in P-and R-branch photofragment intensities, but they describe the R-branch transitions as being considerably stronger than the P-branch transitions.
The large difference between the P-and R-branch f values observed for the c 3 ͑3͒ − X͑0͒ transition in Fig. 3 indicates another extreme case of an R / P intensity anomaly in transitions to mixed ⌺ ϳ ⌸ levels. In this case, the nominal c 3 1 ⌸ u ͑ =3͒ level borrows significant 1 ⌺ u + character from the bЈ͑10͒ level and the corresponding Ќ ϳ ʈ interference effect is of the opposite sense to that described above for the bЈ͑7͒ − X͑0͒ transition. To explain the remarkable change in sense of the R / P intensity anomaly for the transition to the same mixed upper level, achieved simply by changing the initial level from the present X͑0͒ to the aЉ͑0͒ of Walter et al., 49 it is necessary to note that the relevant interference term is proportional to ʈ Ќ . 60 Evidently, the vibronic product ʈ Ќ has different signs for the c 3 ͑3͒ − X͑0͒ and c 3 ͑3͒ − aЉ͑0͒ transitions. bЈ͑10͒ − X͑0͒. 27 lines were analyzed in this band. Line strengths in the P and R branches decrease approximately linearly with JЈ͑JЈ +1͒ until becoming almost indiscernible near JЈ Ϸ 16. This pattern is consistent with the photofragment intensity pattern described by Walter et al. 49 for 0 ഛ JЈ ഛ 17. We observe higher-JЈ lines in the P branch within the structure of the nearby c 3 ͑3͒ − X͑0͒ band. Despite the relatively large uncertainties in the f values of these lines, it is clear that they are gaining significant strength with increasing JЈ. This may be attributable to the rapidly increasing fractional b-state character in the bЈ͑10͒ rotational levels, with an onset at J Ϸ 20, described by Walter et al. 49 Predissociation line widths throughout the band appear to be in the range of 0.05 to 0.15 cm −1 FWHM, generally too small to be definitively measured with our apparatus. 19 results in a strongly anomalous line strength pattern in the P and R branches in this region. Strengths in both branches display characteristic interference patterns, with the sign of the interference reversed in the two branches, as demonstrated in Fig.  4 . Predissociation line widths in all three branches appear to be in the range of 0.05 to 0.15 cm −1 FWHM, which is at the lower limit of our analysis capabilities.
bЈ͑11͒ − X͑0͒. Except in the region of the crossing with o 3 ͑3͒, band f values in both branches decrease with increasing JЈ; a quadratic fit to JЈ͑JЈ +1͒ is needed to describe the f-value pattern. P-and R-branch f values display interference patterns at the crossing ͑JЈ Ϸ 14.5͒, with each branch f-value pattern complementing the corresponding branch pattern in the o 3 ͑3͒ − X͑0͒ band. Predissociation line widths are too narrow to be determined with our apparatus. 
